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Supersymmetric (SUSY) Grand Unified theories (GUTs) generally predict FCNC and CP violat- 
ing processes to occur both in the leptonic and hadronic sectors. Assuming an underlying SU(5) 
group plus right-handed neutrinos (RN), we perform an extensive study of FCNC and CP violation, 
analyzing the correlations between leptonic and hadronic processes like /x ^ e 7 and — mix- 
ing, T ^ fi^ and b ^ s transitions such as Bd 4>Ks and — B^ mixing. Moreover, we examine 
the impact of the considered scenario on the UT analyses, monitoring the low energy consequences 
implied by possible solutions to the various tensions in the present UT analyses. We compare the 
phenomenological implications of this NP scenario with the ones of supersymmetric flavour models 
finding a few striking differences that could allow to distinguish these different NP models. 



I. INTRODUCTION 

Grand unified theories (GUTs) [1 predict a very at- 
tractive unification of the strong and electroweak inter- 
actions and, when embedded in a supersymmetric frame- 
work, they also lead to a very successful gauge coupling 
unification [2l. 

Since a direct access to the GUT scale {Mq) is not 
possible, experimental signals for GUTs may be looked 
for either by confronting their predictions for quantities 
that are not predicted in the SM, such as the weak mix- 
ing angle and the 777.5 /m^- ratio or by the observation of 
processes which are forbidden or highly suppressed in the 
SM, such as the proton decay. In particular, the baryon 
number the family lepton numbers Le-,L^^ and the 
total lepton number L = Lg+L^+i^r^ which are acciden- 
tal symmetries of the SM, are broken in a GUT context. 
As a result, processes violating 5, L or Li are generated 
and they turn out to be suppressed by powers of I/Mq- 
Still, the experimental sensitivity to proton decay and to 
neutrino masses (assuming an underlying see-saw mech- 
anism [3]) allow to probe Mq- Indeed, the observed neu- 
trino masses and mixings give solid indications for the 
existence of some New Physics (NP) at Mq- In contrast, 
Li violating processes, such as /i ^ 67, are predicted to 
be far below any realistic experimental sensitivity. 

If the theory above Mq is supersymmetric, the situa- 
tion drastically changes. The dynamics at the scale Mq 
leave indelible traces on the soft terms of the light spar- 
ticles by means of interactions not suppressed by inverse 
powers of Mq [4j . Processes which violate Li are now 
suppressed only by powers of 1/m, where rfi is the scale 
of supersymmetry breaking, and therefore they might be 
measurable. 

Moreover, since within GUTs quarks and leptons sit 
in the same multiplets, the quark-lepton unification feeds 
into the SUSY breaking soft sector [4|[6l[7]. 

This implies relations between lepton and quark flavor 
changing transitions at the weak scale. For example, one 
can expect correlations between /i ^ 67 and — 



mixing, r ^ /i 7 and b ^ s transitions such as Bd (j)Ks 
and B^ — B^ mixing and so on. Therefore, hadronic and 
leptonic FCNC processes provide a splendid opportunity 
to link the weak scale to the GUT scale, where the fun- 
damental SUSY Lagrangian is defined. 

Despite of the remarkable agreement of flavour data 
with the SM predictions in the K and Bd systems, a 
closer look at the data might indicate some tensions es- 
pecially in CP violating observables. In particular: 

i) the most recent UT analyses [8-11 show that the 

size of CP violation determined through the B^ — B^ 
system, appears insufficient to describe the experimental 
value of ck within the SM if the AMd/ AMg constraint 
is taken into account [9]. Vice versa, the simultaneous 
SM description of ck and AMd/AMs requires a sin 2/3 
significantly larger than the measured value of S^pxs [§]• 

ii) The recent messages from the Tevatron seem to hint 
the presence of new sources of CPV entering the B^ sys- 
tem [12-14 . 

iii) The value of sin 2/3 extracted from some penguin 
dominated modes, such as Bd 0^5, is significantly 
lower than the value from Bd t/jKs. 

iv) Last but not least, we remind the {g — 2)^ 
anomaly [15]. Interestingly, the possibility that the 
present Scr discrepancy may arise from errors in the de- 
termination of the hadronic leading-order contribution to 
Aa^ seems to be unlikely [16 . 

In the light of the above considerations, in this work we 
focus on the SUSY SU{5) GUT model plus right-handed 
neutrinos [17 {SSU{b)RN), accounting for the neutrino 
masses and mixings via a type-I sees-saw model [3 , with 
the main goals: 

i) to analyze how the SSU{5)rn model faces the 
above tensions, monitoring the low energy conse- 
quences implied by their possible solutions; 

ii) to quantify the NP room left for 6 ^ s transitions 
compatible with all the available experimental data 
on AF = 2 and AF = 1 processes. 
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iii) to outline strategies aimed to probe or to falsify the 
SSU {5)rn model by means of a correlated analysis 
of low energy observables, including also K and D 
systems as well as lepton flavour violation, electric 
dipole moments (EDMs) and the {g — 2)^. 

Since many analyses along this subject appeared in the 
literature [18], we want to emphasize here that the cur- 
rent study goes well beyond previous works as for i) the 
inclusion of all relevant SUSY contributions, ii) the num- 
ber of processes considered, and iii) the special attention 
given to the UT analyses. Moreover, we point out many 
new correlations among observables that should enable 
us to probe or falsify the scenario in question once im- 
proved data will be available. 

In Section 2 we update our UT analysis of [19 using 
the (i^6,7) plane and stressing that a large value of 7 in 
the UT would provide a natural solution to the observed 
tensions within the SSU{5)rn model. In Section 3 we 
summarize the flavour structure of the SUSY GUT con- 
sidered in this paper. In Sections 4 and 5 the relevant for- 
mulae for the hadronic and the leptonic sectors are given, 
respectively. Section 6 is devoted to approximate analyt- 
ical expressions for various correlations between hadronic 
and leptonic observables that are then analyzed numeri- 
cally in Section 7. In Section 8 we present a DNA-table 
for this GUT scenario and compare it with the ones of 
supersymmetric flavour models analyzed by us in \TW . 
Finally we end our paper with a list of the most impor- 
tant findings. 

II. UT ANALYSIS 

In this section, we perform a unitarity triangle (UT) 
analysis in the framework of the SSU{5)rn model. We 
remind that there exist two different UTs: 1) the so- 
called reference unitarity triangle (RUT) [20] , determined 
entirely from tree level decays hence, likely unaffected by 
any significant NP pollution, and 2) the universal unitar- 
ity triangle (UUT) [21] of models with constrained MFV, 
determined by means of loop-induced FCNC processes 
and hence potentially sensitive to NP effects. Therefore, 
a comparative UT analysis performed by means of the 
RUT and UUT may unveil NP effects. In particular, the 
above UTs are characterized by the following parameters 

Vus = X, Vcb , Rb. 1 RUT, 

Vus = X, Vcb , Rt. P UUT, (1) 

where R, ^ iKd^JJ/lKd^ll. Rt ^ l^td^.tl/l^dKll 
and the angles P and 7 are such that Vtd = \Vtd\e 
and Vub = \Vub\e~'^^ . Moreover, the dictionary between 
{Rt^P) and (Rb^j) reads 

Rt = Jl+Rl-2Rt,cosj , cot/?=^^^^^^ , (2) 

Rb = Ji + R! -2Rt cos 13 , cot7=^^^^^^. (3) 
V K+ sm D 



In terms of physical observables we can write 

(4) 

with the SM limit recovered for = 1 and (pBd = 0- 

The last observable that is relevant for our UT analysis 
is In the SM, ck can be written as [9j 

H- Rt sin /3{r]ctSo{xc, xt) - rjccXc)^, (5) 

where Ce — 3.658 x 10^ and all the parameters entering 
the above expression are reported in Table [ij As stressed 
in [9 , the SM prediction for ck implied by the measured 
value of S^Ks = sin 2/3 may be too small to agree with 
experiment. The main reasons are the decreased value of 
Bk and the decreased value of ck in the SM arising from 
a multiplicative factor, estimated as hz^ = 0.94±0.02 [22] . 

Taking into account also the recent calculation of the 
QCD factor rjct at the NNLO ^23j, that enhances the 
value of Sk by 3% [23 , the total suppression of ck oc 
Bx^e compared to the commonly used formulae is typ- 
ically of order 15%. Using the inputs of Table [ij eq. Q 
for the SM case (where = = 1), and eq. ([5|, one 
finds [23] 

kxP^ = (1.90 ± 0.26) X 10-^ , (6) 

to be compared with the experimental measurement [27] 

lexT^'P = (2.229 ± 0.010) x 10"^ . (7) 

In fig. [ij we show the above tensions in the Rb — J plane 
updating the analysis of [19] by the inclusion of the new 
values for hc^ [22 and r]ct [23] . 

In the upper left plot of fig. [T] we show the regions 
corresponding to the la allowed ranges for sin 2/3, Rt and 
|ex|^^ as calculated by means of Q and ([5|, respectively, 
using the numerical input parameters of tab.[T[ As shown, 
there are three different values of (i?5,7), dependently 
which two constraints are simultaneously applied. 

Possible solutions to this tension can be obtained as- 
suming: 

1) a positive NP contribution to e^, at the level of ~ 
+20%, leaving sin 2/3 and AM^/AM^ SM-like [9]. 

2) ck and AM^/AM^ NP free while S^i^Ks affected by 
a NP phase in B^ mixing with ^psd ^ [SI- 

3) CK and S^Ks NP free while AMd/AMg affected by 
NP at the level of ~ —20% [19], requiring in turn 
an increased value of Rt to fit the data. 

Of course all these effects could be simultaneously at 
work. 
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parameter 


value 


parameter 


value 


Fk 


(155.8 ± 1.7)MeV [25l[26] 


m3(2GeV) 


0.105 GeV [27] 




(192.8 ±9.9)MeV [25l[26] 


md(2GeV) 


0.006 GeV [27] 


Fb^ 


(238.8 zb9.5)MeV[25l [26] 


\Vts\ 


0.040 ± 0.003 [32] 


Bk 


0.725 ±0.026 [251 [26] 


\VtB\ 


1 ±0.06 [32^ 




1.26 ±0.11 [25", 126] 


Vtd tree 


(8.3 ±0.5) • 10"^ [32] 


Bb, 


1.33 ±0.06 [25 , 26] 


\Vus\ 


0.2255 ±0.0019[27] 


Mb, 


5.3664 GeV [27] 




(40.6 ±1.1) X 10-^[33] 


Mb, 


5.2795 GeV [27] 


Sin(2/3)tree 


0.734 ±0.038 [32] 


Mk 


0.497614 GeV [27] 


sin(2/3,) 


0.038 ± 0.003 [32] 


r]cc 


1.43 ±0.23 [28] 


as{mz) 


0.1184 [34] 


r]tt 


0.5765 ± 0.0065[29] 


AMs 


(17.77 ±0.12) ps-^ [35] 


Vet 


0.496 ± 0.047L23J 


AMd 


(0.507 ±0.005) ps-^ [35] 


VB 


0.551 ± 0.007[29] 


AMk 


(5.292 ± 0.009) • 10- V"^ El] 




1.243 ±0.028[25l [26] 




0.94 ±0.02 [22] 


mc{mc) 


(1.268 ±0.009)GeV[30] 




(2.229 ±0.01) • 10"^ [27] 


mt{mt) 


(163.7 ±l.l)GeV[3l] 


rrexp 


0.672 ±0.023 [35] 


mb{mb) 


(4.2 ± 0.17 -0.07)GeV [27] 







TABLE I: Values of the input parameters used in our analysis. The subscript "tree" in \ Vtd\ and sin(2/3) stands for the inputs 
extracted from data using only tree- level observables [32] . 



As stressed in [19 , the possibility 3) implies a large 
value of 7, as shown in fig. [l] (see the lower plot on the 
right), and a significantly below 90°. Therefore, this sce- 
nario can be easily probed or falsified by means of im- 
proved determinations of 7, as expected at the LHCb, 
and a. Moreover, the possibility 3) is particularly rele- 
vant within the SSU{b)RN model, as we will discuss in 
detail later. In such a case, if the mixing angle regulat- 
ing the b ^ s transition contains a natural 0{1) CPV 
phase, then solution 3) also implies a non-standard value 
for S^cf) in the system. 



handed neutrinos [3 , the effective light-neutrino mass 
matrix resulting after integrating out the heavy fields is 
^u=yu M~^yu{Hu)'^ where Mj^ is the right-handed neu- 
trino mass matrix, y^, is the unknown neutrino Yukawa 
matrix, and (Hu) is the up- type Higgs VEV. Hereafter, 
we take a basis where M^y is diagonal and symbols with 
hat mean they are diagonal matrices. 

In the mSUGRA scenario and specializing to the case 
of SSU{5)rn model, low-energy flavor- violating SUSY- 
breaking terms are radiatively induced, and they are 
qualitatively given as 



III. SUSY GUTS AND FLAVOUR 
PHENOMENOLOGY 

The quark-lepton unification predicted by GUTs im- 
plies, in a SUSY framework, a unification of the squark 
and slepton mass matrices at the GUT scale. 

For instance, within SU(5), the multiplet 5 con- 
tains the right-handed down- type quarks {D'^) and the 
left-handed lepton doublets (L) while the 10 multi- 
plet contains the left-handed quark doublets (Q), the 
right-handed up- type quarks (/7^), and the right-handed 
charged-leptons {E'^). 

Even if we assume a complete flavour blindness for the 
sfermion masses at the high scale (either Mp or M^), 
we can still expect sizable sources of FCNC if the the- 
ory contains neutrino Yukawa interactions accounting for 
the neutrino masses and mixings by means of a see-saw 
mechanism. 

Assuming a type-I see-saw with three heavy right- 



87r2 ^''^''^ '''^""Mg' 

{3ml + Al 



87r2 



87r2 
(3m2 + A2) 
87r2 



Mp 

Mg ' 



Mp 



(8) 



where V is the CKM matrix, is a GUT phase and mo 
(Aq) is the universal scalar mass (trilinear coupling). 

Within SU{5), as both Q and are hosted in the 
10 representation, the CKM matrix mixing of the left- 
handed quarks will give rise to off-diagonal entries in the 
running of the right-handed slepton soft masses (^i^)ij 
due to the interaction of the colored Higgs ["4^, ^ . Vice 
versa, Y^, enters the mass matrices of both right-handed 
down squark and left-handed sleptons, as D*^ and L lie 
in the 5 multiplet of SU{5). 
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FIG. 1: The Rb — j plane assuming: i) the SM situation with the input parameters of Table □(upper left), ii) sin 2/3 and Rt 
NP free while ck affected by a +18% NP effect compared to the SM contribution (upper right), iv) ck and Rt NP free while 
sin 2/3 affected by a NP phase in Bd mixing with ^ —4.5° (lower left), iii) ck and sin 2/3 NP free while AMd/AMs affected 
by a —20% NP contribution compared to the SM contribution (lower right). The black star stands for the values obtained from 
the NP UT fit .24.. 



We remind that, within a type-I see-saw scenario, 
can be written in the general form |36j yi, = 

\/M^R^/m^W/{Hu) where R is an arbitrary complex 
orthogonal matrix while U is the PMNS matrix. The de- 
termination of (m~ would require a complete knowl- 
edge of the neutrino Yukawa matrix yj^^ which is not pos- 
sible using only low-energy observables from the neutrino 
sector. In particular, the ratio (m~ )i2/(^~ )23 is highly 
model dependent while (m~ )i2 — (m~ ) 13 to a good ap- 
proximation [37 . The situation is completely different 



in a type-II see-saw scenario where the mixing angles 
of (m~ are entirely governed by the PMNS matrix 
and low energy LFV processes relative to different family 
transitions are strikingly correlated [38]. 

Furthermore, we remind that a successful Yukawa cou- 
pling unification requires either the introduction of some 
GUT breaking effects or some new non-renormalizable 
contributions. In both cases, we are forced to intro- 
duce a relative rotation matrix l/^^^) between the quark 
and leptonic fields (defined in the super-CKM basis) such 
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that the quark- lepton correlations might be modified [39^ . 
However, since the matrix V^'^'O ig unknown, in the fol- 
lowing, we assume the case where the naive quark-lepton 
correlations are still valid. 



IV. HADRONIC SECTOR 

In what follows, we discuss the relevant observables for 
our study, including AF = 2, 1, transitions. 

1. The complete set of operators for AB = 2 transi- 
tions is [40] 



= {bLW){bLrqL) , 
Qf" = (Ml)(W), 



Qi"" = ihl^qLKbRrqR) , 

= {bRqL){bLqR) , (9) 

where q = s^d, a^j, = ^ [7^,7?^]. In Eq. ^ we did not 
show the operators QY^^ and Qf f ^ that are obtainable 
from QY^^ and Qf 2^, respectively, with the exchange 
Ql qn- 

The low energy effective Hamiltonian reads [40] 



(10) 



where the summation is performed over contributing op- 
erators. The off-diagonal element in the 5^-meson mix- 
ing is given by 



Mi«2 = -MB,FlY.Cr{pH,B,)Pt{B,) , (11) 



where P^{B^) collect all KG effects from the high scale, 
where heavy degrees of freedom are integrated out, down 
to the B meson scale as well as hadronic matrix elements 
obtained by lattice QCD techniques. Updating the re- 
sults of Ref. [40 , it turns out that P2 {B^) ^ 3.4 and 

Pf^^iB^q) - -1-4 for fiH = 246 GeV. 
Introducing the notation 



{q = d,s), (12) 



the B^ ^ mass differences and the CP asymmetries 5^ 



s,d 

and S^(f) are 



AM, = 2\Mf^\ = {AMq)sMCB, 

SipKs 



sin(2/3 + 2(^B J , 
sin(2|/3,|-2(^Bj , 



(13) 
(14) 
(15) 



where sin(2/3)tree = 0.734 ± 0.038 22 and sm{2f3s) = 
0.038 ±0.003 [32 . 

The = 2 operators are obtained from Eq. (|9| by 
means of b ^ s and q = d. The off-diagonal element in 
— mixing is then given by 



0\* 



(16) 



and the observables AMk and ck can be evaluated 
through 



AM. 



K 



2Re (M- 



^/2AMK 



Im [Mi 



(17) 
(18) 



where k.^ = 0.94 ±0.02 [9l[22] accounts for (f^ = (43.51 ± 
0.05)° ^ 7r/4 and includes long distance contributions. 

Let us discuss now the semileptonic asymmetry in B^ 
decays AgL, described by the quantity [14] 

A^L = (0-506 ± 0.043)A^L + (0-494 ± 0.043)AgL . (19) 

where A^^ and A^^ are the asymmetries in B^ and B^ 
decays, respectively. Within the SM, it is predicted that 
A^l(SM) = (-0.48t°;l2) X 10-3 H,, A|l(SM) = (2.1 ± 
0.6) X 10"^ [IT and therefore [311 



4l(SM) = (-0.23in^) X 10- 



(20) 



This has to be compared with the recently measured 
value by the DO collaboration [T4^ 



^sl(DO) = (-9.57 ± 2.51 ± 1.46) x 10"^ 



(21) 



that differs by 3.2 standard deviations from the SM pre- 
diction, providing the first evidence for anomalous CP- 
violation in the mixing of neutral B^ mesons. 

In the presence of NP, the asymmetries A^-^ and A^-^ 
can be evaluated by means of the following expression j4T] 



4^ 



Im 



r?2f cos2(^B^ 



Re 



r?2f sin2(^B. 



Cf 



(22) 

where the updated values for Re(r^2/^i2)^^ 
Im(r?2/^i2)^^ can be found in f4V. Moreover, we 
recall that AgL, in the presence of NP and neglect- 
ing /3s, is correlated model-independently with as 
— S^(f)X {RI2/CBJ [42^ (for an alternative model- 
independent formula, see [43]). 

On general grounds, we observe that the A^^ contri- 
bution to AgL is constrained model-independently by the 
limited NP room left to S^i^Ks- Furthermore, since in 
the SSU{5)rn niodel (m~ )i2 — (m~ )i3, implying that 
{im?~ )i2 — {rrfi- )i3, it turns out that ^^^^ is SM-like 
to a very good extent after imposing the experimental 
bound on ex- As a result we conclude that, within the 
SSU{5)rn model, the NP contributions to A^^ are com- 
pletely negligible. By contrast, the NP contributions to 
AgL might be large since in this case the limits from ^^k^ 
and ck do not generally apply. 

Therefore, within the SSU{5)rn model, it turns out 
that 



: 0.5 A: 



SL 



-10" 



where 5^ 



< 1 and therefore A^-^ > 



-10" 



(23) 
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We briefly recall now the leading SUSY contributions 
to the K^, B'^ and mixing amplitudes coming from 
gluino/squark boxes and, in the large tan/3 regime, from 
double Higgs penguin contributions (we refer to ref. 
and therein references for the full expressions). The dom- 
inant gluino/squark boxes read 



LL 



hi{S2%i]9^^\xg) , (24) 



where {^d^)ij^ {^d^)ij are the mass insertion (MI) pa- 
rameters (as defined in ref. [H]), Xg = M~ /m'-^ the loop 

function is such that g^^\l) = 23/180 and ij = 23, 13, 12 
for the Bg, B^ and systems, respectively. 

The dominant Higgs mediated contributions for the B^ 
system read 



A /mi) in [45^. In the presence of NP one can generally 
define the amplitude A/ as 



A, 



4^ 



{c:^cc:) , (27) 



where Ci and Ci are the NP contributions to the Wil- 
son coefficients evaluated at the scale Mw (see Ref. [19] 
for the notation), the parameters b'^- and b^j- calculated 
in [45 and ( = ^1 depending on the parity of the fi- 
nal state; for instance = 1 for (j)Ks and ( = —1 for 
r]^Ks. Within the SSU{b)RN model the by far dominant 
contribution to Af is provided by Cs which reads (19) 



4Gf 

7^ 



ci 



32 



m? m? (1 



etf 



V* 



gsixg) . (28) 



2 2 2 



H 



4n 2M^ d^et^YMlml 



{5^%sVts , (25) 



where t(3 tan/3, x^ \l^?/ml, hi{l) 4/9, hsil) = 
— 1/4, |e| ~ 10~^ is the well known resummation factor 
stemming from (t^ enhanced) non-holomorphic threshold 
corrections and has to be evaluated at the scale Ma- 
Notice that, the presence of the RR Mis is crucial to 
avoid the typical ms/mb suppression of {C2^) ^ arising 
within a MFV scenario [44 . The Wilson coefficient for 
B^ mixing can be obtained by replacing 23 with 13 and 
Vts by Vtd- 

In the case of mixing, the most relevant effect from 
the neutral Higgses arises only at the fourth order in the 
MI expansion. Since in the SSU{5)rn model the MI are 
radiatively induced, this effect can be safely neglected. 

Moreover, we remind that in contrast to the case with 
gluino box contributions, there are no analogous Higgs 
mediated contributions for — mixing as there are 
no tan P enhanced non-holomorphic threshold corrections 
in the up-quark sector. 

2. The CP asymmetries Sf in the decays of neutral 
B^ mesons into final CP eigenstates / can be affected by 
NP both in the B^ mixing amplitude and the decay am- 
plitudes b qqs {q = s^d^u). In the SSU{5)rn model, 
only the latter effect can be sizable. The asymmetries 
are defined as 



2Im(A/) 
1 + IA/P 



(26) 



where A/ = e"^^(^+^^rf)(A//A/) with cpsd being the NP 
phase of the B^ mixing amplitude, M{2, and Aj (Aj) is 
the decay amplitude for B^(B^) f. Within the SM 



it turns out that Af^ 



A^(l + a'fe'^) where the a 
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parameters have been evaluated in the QCD factoriza- 
tion approach at the leading order and to zeroth order in 



where the loop function is such that ^8(1) = —7/120. 

The branching ratio for Bq (with q = s^d) 

in the presence of NP scalar currents can be expressed 
as 19 



BR(5g ^/i+/i-) 
BR(5g ^/i+/i-) 



SM 



i-ci-ci 



(29) 

where the relevant contributions to the Wilson coeffi- 
cients and C| arising in the SSU{5)rn model read 



r^q 



(-iq 



rriT 



as 



8MlM^Cf^{l+et0 f m? 



V,lhs{x^), (30) 



with Cfo^ given for instance in [19j. 

3. Also the hadronic and leptonic EDMs might be gen- 
erated by flavor dependent phases (ffavored EDMs) [46] . 
In particular, the neutron EDM dn can be estimated from 



the naive quark model as ^ ^dd — ^du (with d^^"^ eval- 
uated at 1 GeV) or, alternatively, by means of QCD sum 
rule techniques j47H5Q] . In the latter case, it turns out 
that 

dn= (l±0.5)[l.4(drf-0.25d^) + l.le(d^ + 0.5Oj . (31) 

Similarly, the prediction for the Mercury EDM in the 
QCD sum rule approach reads [49l [50] 



dug 



7 X IQ-^ e « - d'd) 



(32) 



where, in eq. (32), we have retained only the contribu- 



tions relevant to our analysis. Notice that, the v alues of 



dj^^ entering the EDM's predictions of eqs. (|3l|32|) are as- 



sumed to be evaluated at 1 GeV by means ot QCD renor- 
malization group evolution [51] from the corresponding 
values at the electroweak scale. 
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The dominant gluino/squark contribution to the down- 
quark (C)EDMs at the SUSY scale reads 



as mi) Mgfi ^ 
47r m~ m~ 



(33) 

where the loop functions satisfy /(I) = {4/135, 11/180}. 

V. LEPTONIC SECTOR 

The branching ratio for ii ij^y can be written as 



^2 vK^f + 



Starting from the full expressions of ref. [52 (which we 
use in our numerical analysis), and specializing to the 
illustrative case of a degenerate SUSY spectrum with a 
common mass mj, one can find 



^ ~ GOtt mi 



(34) 



The main SUSY contribution to usually pro- 

vided by the loop exchange of charginos and sneutrinos. 
In the limit of degenerate SUSY masses one finds 



^MSSM 



gn/i. 



(35) 



Assuming a degenerate SUSY spectrum, it is straight- 
forward to find the correlation between Aa^^^^ and the 
branching ratios for ^i ijj [37| l53] 



BR(/i ^67) ^ 2 X 10" 



BR(r ^ /i7) ^ 8 X 10" 



-12 



3 X 10-9 





3 X 10-9 



LL\ 



)21 



10- 



10- 



(36) 



where we have assumed that the Mis {S^ )ij provide the 
dominant contributions to BR(^i ^jl)-> it happens 
in the GUT framework analyzed here. 

Within the SSU{5)rn model, leptonic EDMs are gen- 
erated via flavour dependent phases (fiavoured EDMs). 
It turns out that 



ay / rrir 
47r V ^1 



30 



(37) 



where a common SUSY mass has been assumed. If 
t/3 = 10 and = 300 GeV, it turns out that d^. ~ 



10-^^ xlm[((5f^),3((^f^)3^jecm. 



VI. HADRON-LEPTON CORRELATIONS 

As already anticipated in the Introduction, SUSY 
GUT models link fiavor- violating observables of the lep- 
tonic and hadronic sectors. In the following, we pro- 
vide approximate analytical expressions for these hadron- 
lepton correlations in order to get an idea of where 
we stand. In particular, the GUT relation {S^^)ij = 
which is modified at the electroweak scale as 
i^e^)ij = {^d^)ji X {rriq/mi)^, implies 



BR(/i ^67) ^ 2 X 10" 



.SUSY 
[K 

10-4 



10- 



and similarly for the 23 sector 



iivq 

rrin 



(38) 



BR(r ^ /i7) ^ 7 X 10" 



ipcf) 



23 



lo- 



rn; 



(39) 



where we have assumed a common SUSY mass ruq (m^) 
for the hadron (lepton) sector and ((5^^) 12,23 have been 
normalized to the typical values they attain when they 
are radiatively generated by the large top Yukawa cou- 
phng and the CKM matrix (see Eq. Q). 

Finally, there is an even more direct correlation be- 
tween BR(r jj.j) and the NP effects entering Sff^Ks- 
Defining S^Ks = + ^S^Ks 1 we find 



BR(r ^ /i7) ^ 3 X 10" 



/ rrin 



(^1 \/^S^KsW (40) 



where, starting from eqs. (26), (27), (28) and keeping only 
linear terms in the NP contributions, it turns out that 



^Sct^Ks ~ -^^%Ks COS 2/3 ImCg with h\ 



cf,Ks 



1.4 



VII. NUMERICAL ANALYSIS 

In this section, we present the numerical results for 
the observables discussed in the previous sections in the 
context of the SSU{5)rn model, assuming a gravity me- 
diated mechanism for the SUSY breaking terms with 
Mp = 2.4 X 10^^ GeV. 

In the upper (left) plot of Fig. |2l we show the pre- 
dictions for BR(/i 67) vs. / {^K^) varying the 
SUSY parameters in the ranges (mo,Mi/2) < 1 TeV, 
\Aq\ < 3mo, tan/3 = 10 and /i > 0. Concerning 
the neutrino sector, hereafter, we assume a hierarchical 
spectrum for both light and heavy neutrinos such that 
m^3 = 0.05eV and we vary the neutrino parameters in 
the ranges 10^^ < M^3(GeV) < 10^^ 10"^ < Ues < 0.1. 

The blue (red) points can explain the — anomaly 
at the level of Aa^^^"^ ^ 1(2) x 10"^ while satisfying the 
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BR{iJ.^ej) 

10-10 



10" 



10- 



10" 



10" 



10- 




. in BR(ll^e^)x 10^^ tan/3 =10 

1000 I ' u ' I ' / ' I ' I/' I ' I ' I ' I 




-0.4 -0.3 -0.2 -0.1 0.1 0.2 0.3 0.4 

^SUSY/^SM 

tK Itx 

de (e cm) 



/i >0 , tan/3 = 10 



100 200 300 400 500 600 700 800 900 1000 

Ml/2 [GeV] 

dn (e cm) 

/i >0 , tan/3 = 10 




2 0.3 0.4 

^SUSY/^SM 

FIG. 2: Upper left: BR(/i ^ 67) vs. ef^^^ /(e^^). The blue (red) points can explain the (g — 2)^ anomaly at the level of 
Z 1(2) X 10"^. Upper right: BR(/i 67) in the (mcMi/s) plane imposing a +20% NP effect in e^^^^. Lower left 
(right): electron (neutron) EDM vs. ei^^^/(ei^) for different values of BR(/i 67). In all the plots we vary the SUSY 
parameters in the ranges mo < 1 TeV, M1/2 < 1 TeV, \Ao\ < 3mo (in the only upper right plot we set \Ao\ = 0), tan/3 = 10 and 
/i > 0. We assume a hierarchical spectrum for both light and heavy neutrinos setting rrii,^ — 0.05eV and varying the neutrino 
parameters in the ranges 10^^ < M^3(GeV) < 10^^ 10"^ < Ue?> < 0.1. 



constraints from BR{B Xsj) [27] at the 99% C.L.. As 
we can see, sizable SUSY effects in e^, that might be de- 
sirable to solve the UT anomaly, generally imply a lower 
bound for BR(/i ej) in the reach of the MEG experi- 
ment. The above statement is even more strengthened if 
we further require to explain the {g — 2)^ anomaly. 

In the upper (right) plot of Fig. [2) we show the values 
reached by BR(/i ej) in the (mo,Mi/2) plane setting 
/i > 0, Ao = 0, tan /3 = 10 and imposing a NP effect in 
Cj^^"^ at the level of +20% compared to the SM contribu- 
tion to solve the UT tension. The grey region is excluded 



by the constraint from the lower bound on the lightest 
Higgs boson mass m/^o (we impose m^o > 111.4 GeV 
to take into account the theoretical uncertainties in the 
evaluation of m^o)^ the orange region is excluded by the 
constraints on BK{B -^sT) at the 99% C.L. (we have 
evaluated BR{B -^sT) including the SM effects at the 
NNLO [54 and the NP contributions at the LO), the 
light blue (blue) region satisfies Aa^^^^ > 1(2) x 10"^. 

In the lower plots of Fig.|2j on the left (right), we show 
the electron (neutron) EDM vs. ^W^^ K^^) differ- 
ent values of BR(/i ej). The requirement of sizable 
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FIG. 3: Upper left: BR(t /ij) vs. S^pcf). Upper right: BR(t /a^y) vs. Rsd- Lower left: BR(t /a^y) vs. 7. Lower right: 
7 vs. Rsd' Blue points satisfy the condition Aa^^^^ ^ 1 x 10~^ while the grey bands indicate the experimentally excluded 
regions. In all the plots we vary the SUSY parameters in the ranges mo < 1 TeV, M1/2 < 1 TeV, \Ao\ < 3mo, tan/3 = 10 and 
/X > 0. We assume a hierarchical spectrum for both light and heavy neutrinos setting ruu^ = 0.05eV, Ue3 = and varying the 
heaviest heavy neutrino mass in the ranges 10^^ < M,3(GeV) < 10^^ 



non-standard effects in always implies large values 

for (ie,n, in the reach of the planned experimental reso- 
lutions, as well as values for BR(/i ej) that are most 
likely within the MEG reach. The correlations between 
leptonic and hadronic observables in the plots on the left 
in Fig. [2] demonstrate very clearly that we deal here with 
a GUT scenario. 

In figs. [3) |4j we present the predictions for B-physics 
observables. As discussed in the previous sections, within 
a SSU{5)rn niodel, b ^ s and r ^ ja transitions are 
linked, therefore, processes like mixing and r ^ 



turn out to be related. 

In the plots of fig. [3] we vary the SUSY parameters in 
the ranges {mo, Mi/ 2) < 1 TeV, |Ao| < 3mo, tan/3 = 10 
and /i > 0. We assume a hierarchical spectrum for both 
light and heavy neutrinos setting m^^g = 0.05eV, Ues = 
and varying the heaviest heavy neutrino mass in the 
range 10^^ < M^3(GeV) < 10^^ 

In the upper plot of fig. |3]on the left, we show the cor- 
relation between BR(r fij) and 5'^^. We see that, 
non-standard values for 5*^0 imply a lower bound for 
BR(r jiij) within the SuperB reach. However, it seems 



10 



10 



BR{Bs^li+fi- 

7 



10-8- 



10- 




BR{T^li-f)> 10-8 
BR{t~^ 11^) < 10-8 
BR{t^ 11^) < 10-^ 
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Att/i < 10-9 
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BR{T^fij)> 10-8 
Si?(r-^M7)<10-8 
BR{T-^li-f)< 10-^ 




Sr]'Ks 
1 



10-7 ^-1 
BR{Bs^fi^fi-) 
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- BR{T^fi-f)> 10-8 • 
BR{T^li-f)< 10-8 • 
■ BR{t^i^^)< 10-^ • 







0.2 0.4 0.6 0.8 1 

S(l)Ks 
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FIG. 4: Upper left: BR(Bs M^M") vs. S'v^^. Upper right: S^ct> vs. Central left: BR(Bd M^M") vs. BR(Bs ^ M^M")- 

Central right: 5*^0 vs. S(f)Ks- Lower left: Sn'Kg vs. S^Ks- Lower right: BR(r fi^) vs. S^Ks- The grey bands indicate 
the experimentally excluded regions. In all the plots we vary the SUSY parameters in the ranges mo < 2TeV, M1/2 < 1 TeV, 
\Aq\ < 3mo, tan /3 < 60 and /i > 0. We assume a hierarchical spectrum for both light and heavy neutrinos setting rrii,^ = 0.05eV, 
Ue3 = and varying the heaviest heavy neutrino mass in the ranges 10^^ < Miy^{GeY) < 10^^. 
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unlikely to simultaneously explain the {g — 2)^ anomaly 
(blue points correspond to Aa^^^ ^ 1 x 10~^) while gen- 
erating a large S'^^. The situation can slightly change for 
large values of tan p. In this case, the constraints from 
BR(r /i7) might be still compatible with \S^(f)\ < 0.2 
and Aa^usY > i >< iq-9 ^^^^ figM. 

In the upper plot of fig. [3] on The right, we show the 
correlation between BR(r jiij) vs. Rsd defined as 



R 



sd 



(AMd/AM,)sM 



(41) 



We see that non-standard effects in Rsd may be eas- 
ily generated, providing a possible solution to the UT 
anomaly. This will imply in turn a lower bound for 
BR(r jiij) within the expected experimental reach of 
a SuperB. 

In the lower plot of fig. [3] on the left, we show the 
correlation between BR(r fij) and the CKM angle 
7. This correlation can be understood looking at the 
explicit expressions for 7 and Rt in the presence of NP, 
see eqs.(3j4). In particular, NP effects in Rsd would affect 
Rt and therefore the determination of 7. Moreover, since 
b ^ s and t ^ ji transitions are linked in our framework, 
it turns out that non-standard values for 7 imply a lower 
bound for BR(r fi^y). It will be exciting to monitor 
such a correlated NP effect at the LHCb. 

In the lower plot of fig. [3]on the right, we report the 
correlation between 7 vs. Rsd clearly showing that neg- 
ative NP effects in Rsd^ accounting for the UT anomaly, 
would imply large non-standard values for the angle 7. 
Such large non-standard effects would also imply large 
(visible) values for BR(r fij) as seen in the plot on 
the left. 

In fig. [4j we show the predictions for B-physics and lep- 
ton observables including the large tan /3 regime, in order 
to make Higgs mediated effects for AF = 1,2 processes 
like BR{Bs^d and S^cf) visible. 

In particular, the plots of fig. |4] have been obtained 
employing the following scan over the SUSY parame- 
ters: mo(Mi/2) < 2(1) TeV, \Ao\ < 3mo, tan/3 < 60 and 
/i > 0. We assume a hierarchical spectrum for both light 
and heavy neutrinos setting ruj^^ = O.OSeV, Ues = and 
varying the heaviest heavy neutrino mass in the range 
10^3 < M^3(GeV) < 10^^ 

In the upper plot of fig. |4] on the left, we show 
BR(55 /i+/i~) vs. visualizing also the values 

attained by BR(r /j^j) with different colours. As we 
can see, 6'^^ can depart from the SM expectations ir- 
respective of whether BR(5s ji^ fi~) is SM-like or 
not. The reason is that receives large effects from 
both gluino/squark box contributions and from tan {3 en- 
hanced double penguin Higgs contributions. In contrast, 
in the case of BR(5s ji^ only the latter contribu- 
tion can be effective. 

In the upper plot of fig.|4]on the right, we show the (al- 
most) model-independent correlation between and 
(see eq. (23)). Green points fulfill all the current 



available constraints, while blue points further explain 



the {g - 2)^ anomaly at the level of Aa^^^^ > 1 x 10"^. 
While large departures from the SM expectations for 
are still allowed, the large value reported by the Teva- 
tron [14 (see eq. (21)) cannot be accounted for within 
the SSU{b)RN model. 

In the central plot of fig. [4] on the left, we show the 
correlation between BR(55 M^M~) and BYl{Bd 
/i+/i~). Interestingly enough, we notice that sizable de- 
partures from the MFV predictions |l^s/T^dp imply large 
values for BR(r /i7), well within the SuperB reach. 

In the central plot of fig. [4] on the right, we show the 
predictions for S'^^ and S^j^Ks • Noteworthy enough, these 
observables can sizably depart from the SM expectations 
in a correlated manner. The pattern of correlation is 
twofold: for moderate/low tan P values (corresponding to 
the almost vertical band), 6'^^ receives the dominant con- 
tributions from gluino/squark boxes and the correlation 
might be in agreement with the current non-standard 
experimental data while for large tan P values (corre- 
sponding to the almost horizontal band), 5'^^ receives 
the dominant contributions from double penguin Higgs 
exchanges and the correlation is opposite. In any case, 
large non-standard effects for and/or S(/)Ks always 
imply experimentally visible values for BR(r /n^y). 

In the lower plot of fig.[4]on the left, we report the cor- 
relation between Sr^'Ks and S(f)Ks clearly showing that 
these observables exhibit opposite deviations with re- 
spect to the SM expectations. 

This is understood remembering that the NP am- 
plitudes for these processes can be written as A^p ~ 
Ci + (Ci where Ci and Ci are the NP Wilson coefficients 
and C = il depending on the parity of the final state 
which is C = 1 for <i)Ks and ( = —1 for rj'Ks (see Sec- 
tion 4). Since in the SSU{b)RN model Ci provide the 
largely dominant effects, Sj^'Ks and S(f)Ks are expected 
to show opposite departures from the SM predictions as 
confirmed numerically. This is in contrast to scenarios 
like the fiavour-blind MSSM [55 , the MSSM with MFV 
or models with purely left-handed currents where Ci are 
dominant [l9 . 

In the lower plot of fig.|4]on the right, we also show the 
correlation between BR(r jiij) and ^^x^ confirming 
that sizable NP effects for S^^Ks imply a lower bound 
for BR(r ji^) within the SuperB reach. However, we 
notice that an explanation of the {g — 2)^ anomaly would 
prevent large non-standard effects for Scj^Ks- 



VIII. DNA-FLAVOUR TEST OF SSU{^)w 

The pattern of fiavour violation predicted by specific 
NP model represents one of the most powerful tools in 
the attempt to probe or to falsify the model in question. 
Motivated by this consideration, in Ref. [19] a "DNA- 
Flavour Test" has been introduced with the aim of sum- 
marizing the potential size of deviations from the SM 
results for the most interesting observables in a selection 
of SUSY and non-SUSY models. 
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In tab. [TT) we extend such a "DNA-Flavour Test" to 
the SSU{5)rn model. We remind that we distinguish 
among large, moderate (but still visible) and vanishingly 
small effects by three red stars, two blue stars and one 
black star, respectively. 

While we refer to Ref. [19] for a detailed description 
of the pattern of NP effects in various SUSY models, we 
want to comment here about one of the most remarkable 
difference we found between the SSU{5)rn model and 
the SUSY flavour models discussed in Ref. |19) . 

In fact, none of the models discussed in Ref. [19] was 
able to simultaneously account for the current data for 
S^(f) and ScjyKsi contrast to the SSU{5)rn model dis- 
cussed here. 

The reason for this can be traced back recalling that 
Sc/)Ks receives the dominant effects from gluino/squark 
penguins while 6'^^ either from gluino/squark boxes (at 
moderate/low tan/3 values) or from double Higgs pen- 
guins (at large tan/3). However, only the moderate/low 
tan P solution can simultaneously account for an en- 
hancement of S^(f) and a suppression of S'^^s (relative 
to S^Ks) required by the data. Yet such effects are 
strongly constrained either by — mixing (in case of 
Abelian flavour models) or by — mixing (in case 
of non- Abelian flavour models). Consequently, in this 
region of parameter space 6'^^ cannot be large in these 
models. In fact 5'^^ receives in these models large val- 
ues only at large tan {3 where the sign of the correlation 
between and S(f)Ks is found to be opposite to data 
[19 , that is S(j)Ks is enhanced rather than suppressed 
when S^cj) is enhanced. 

In contrast, the SSU{b)RN model predicts unobserv- 
able effects for - mixing while the NP effects in 
K^—K^ are generally unrelated to those entering B^—Bg 
mixing and therefore the tight bounds from ck can be al- 
ways avoided. Therefore at moderate/low tan/3 the sup- 
pression of S(i)Ks simultaneous sizable enhancement 
of can be obtained. 

In this context let us recall that within the SM4, the 
SM with fourth sequential generation, the correlation be- 
tween S^(f) and in iS^^s is qualitatively similar to the one 
found in the SSU{b)RN model, that is with increasing 
the asymmetry ^^Xg decreases in accordance with 
the data [56-58J. However, in this model the absence of 
right-handed currents implies, in contrast to SSU{5)rn^ 
that also Sj^'Ks decreases with increasing S'^^. 

Finally, it has to be stressed that the "DNA-Flavour 
Test" table doesn't account for possible correlations 
among observables. Therefore, since simultaneous large 
effects are not always possible for certain sets of observ- 
ables, it will be interesting to monitor the changes in this 
table with improved experimental results. 



IX. CONCLUSIONS 

Despite of the remarkable agreement of flavour data 
with the SM predictions in the K and B^ systems, a 
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TABLE II: "DNA" of flavour physics effects for the 
SSU{5)rn model. -^-^^ signals large effects, i^it visible 
but small effects and implies vanishingly small effects. 



closer look at the data might indicate some tensions es- 
pecially in CP violating observables. In particular, the 
most recent UT analyses show some tensions at the level 
of (2 — 3)cr [SHTT] and recent messages from the Tevatron 
seem to hint the presence of new sources of CPV entering 
the 5^ systems [T2HT4]. 

Motivated by the above facts, in the present work, we 
have analyzed the low energy implications of a supersym- 
metric SU{5) GUT scenario with right-handed neutri- 
nos [17] {SSU{5)rn) accounting for the neutrino masses 
and mixing angles by means of a type-I see-saw mecha- 
nism [3 . 

Since supersymmetric Grand Unified theories gener- 
ally predict FCNC and CP violating processes to occur 
both in the leptonic and hadronic sectors, we have per- 
formed an extensive study of FCNC and CP Violation 
in both sectors, analyzing possible hadron/lepton corre- 
lations among observables. In particular, we have mon- 
itored the low energy consequences implied by the solu- 
tions to the above tensions. 
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However, within the SSU{b)RN model, it is not possi- 
ble to link model independently different flavour transi- 
tions like s ^ d and b ^ s. In fact, the neutrino Yukawa 
couplings, which regulate the size of the flavour violation 
both in the hadronic and leptonic sectors, are unknown. 
Therefore, we have analyzed the phenomenology related 
to s — ^ (i and b ^ s transitions separately. 

The main results of our study of the s ^ d transitions 
and their correlation with fi ^ e transitions are 

• Sizable SUSY effects in e^, that might be de- 
sirable to solve the UT anomaly, generally imply 
a lower bound for BR(/i ej) in the reach of 
the MEG experiment. Furthermore, the simulta- 
neous requirement of an explanation for both the 
{g — 2)^ and the UT anomalies would typically im- 
ply BR(/i ^ 67) > 10-^^ 

• The requirement of sizable non-standard effects in 
^SUSY ai^ayg implies large values for the electron 
and neutron EDMs, in the reach of the planned 
experimental resolutions. 

The main results of our study of the b ^ s transitions 
and of their correlations with r ^ fi transitions are 

• Non-standard values for iS^^ imply a lower bound 
for BR(r fij) within the SuperB reach. How- 
ever, the {g — 2)^ anomaly can be solved only for 
large tan/3 values where we find < 0.2 for 
Aa^^^ > 1 X 10~^ while being still compatible 
with the constraints from BR(r /j^j). 

• The UT anomaly can be solved by means of neg- 
ative NP effects in AM^/ AMs which, in turn, 
also indirectly enhance ex via the increased value 
of Rt. This scenario implies a lower bound for 
BR(r fij) within the SuperB reach and large 
values for the angle 7 and it will be probed or fal- 
sified quite soon at the LHCb. 

• Both BR(55 and BR{Bd can 
reach large non-standard values. However, sizable 
departures from the MFV prediction BR(5s 
/i+/i-)/BR(5rf ^ ^ \Vts/Vtd\^ would im- 
ply large values for BR(r /i7), well within the 
SuperB reach. 

• The dileptonic asymmetry A^-^ can sizably depart 
from the SM expectations but the large value re- 
ported by the Tevatron [14 cannot be accounted 



for within the SSU{b)RN model. In particular, we 
find that ~0.5A§T 

since Act remains SM-like. 



• The asymmetry S(/)Ks can sizably depart from the 
SM expectations and it turns out to be correlated 
with 5^0. In particular, it is possible to simulta- 
neously account for an enhancement of 5*^0 and a 
suppression of ^^^^ (relative to S^/jKs) as required 
by the data. This is in contrast to the SUSY flavour 
models discussed in Ref. [19]. Moreover, the asym- 
metries Srj'Ks and S(f)Ks exhibit opposite deviations 
with respect to the SM expectations. 



Finally, we provided a "DNA-Flavour Test" (proposed 
in Ref. ^9\) for the SSU{5)rn model, with the aim of 
showing a tool to distinguish between NP scenarios, once 
additional data on flavour changing processes become 
available. 

As shown in tab. [TTj further important predictions of 
the SSU{5)rn model are that i) ^^k^ remains SM-like 
to a very good extent (therefore, the solution of the UT 
anomaly by means of CPV effects in b ^ d mixing is 
not possible), ii) CPV effects in — are negligibly 
smah, and iii) BR{Kl ir^vv) and BR{K^ 
also remain SM-like. 

In conclusion, the above results show the richness 
which is present in flavour physics once we embed a GUT 
group within a gravity mediated SUSY breaking scenario. 
It will be exciting to monitor upcoming results from the 
Tevatron, LHC(b), the MEG experiment at PSI and Su- 
perB machines to establish whether some patterns of de- 
viations from the SM expectations we have pointed out 
in this work are at work or not. 

The interplay of all these efforts with the direct 
searches for NP will be most exciting. 
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